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The survival motor neuron (SMN) is a spliceosomal snRNP-interacting protein that was initially
identiﬁed as a defective molecule in spinal muscular atrophy (SMA). The disease severity of SMA
is determined by SMN protein level. Here, we show that apoptosis signal-regulating kinase 1
(ASK1) stabilizes SMN protein by inhibiting SMN poly-ubiquitination, and that the kinase activity
of ASK1 is less important than its ability to bind to SMN. Furthermore, depletion of ASK1 by RNA
interference revealed that ASK1 modulates neurite outgrowth by regulating SMN protein level in
NSC34 motor neuron-like cells. Collectively, our results suggest that ASK1 acts as a novel binding
partner of SMN and controls the steady-state level of SMN through complex formation with SMN
in neurite outgrowth.
Structured summary of protein interactions:
ASK1 physically interacts with SMN1 by anti tag coimmunoprecipitation (View interaction)
SMN1 physically interacts with ASK1 by anti tag coimmunoprecipitation (View interaction)
ASK1 physically interacts with SMN1 by anti bait coimmunoprecipitation (View interaction)
ASK1 physically interacts with SMNdelta7 by two hybrid (View interaction)
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Apoptosis signal-regulating kinase 1 (ASK1) is a serine-
threonine protein kinase that activates downstream c-Jun NH2-ter-
minal kinase (JNK) and p38 in the mitogen-activated protein
kinase (MAPK) signaling pathway [1]. It is thought to play a critical
role in the induction of apoptosis by oxidative and endoplasmic
reticulum (ER) stresses, exposure of pro-inﬂammatory cytokines
such as tumor necrosis factor-a (TNF-a), and depletion of nerve
growth factors [2,3]. ASK1 is also implicated in neuronal differen-
tiation [4].
SMN is known to be reduced in spinalmuscular atrophy (SMA), in
which SMN1 gene is homozygously deleted (95%) ormutated [5,6].
In humans, there are two SMN genes, SMN1 and SMN2, in the telo-
meric and centromeric regions of chromosome 5q13, respectively
[5]. In contrast to the SMN1 gene encoding the full-length protein,
the SMN2 gene preferentially generates an exon 7-deleted protein
(SMND7) by alternative splicing (80%) [7]. Although the severity
of SMA is determined by the full-length SMN1 protein level gener-
ated from the SMN2 gene [8], the stability control mechanism of
the SMN protein itself has not yet been deﬁned.chemical Societies. Published by E
Sciences and Biotechnology,
2 2 3290 4741.
jchoi@korea.ac.kr (E.-J. Choi).Here, we report that ASK1 physically interacts with SMN and in-
creases the SMN1 and SMND7 protein levels post-transcription-
ally. Furthermore, ASK1 stabilizes the SMN protein by inhibiting
its ubiquitination. Depletion of ASK1 by RNA interference also re-
veals that ASK1 is a critical regulator of the SMN protein level
and affects neurite outgrowth through modulation of the SMN pro-
tein in NSC34 motor neuron-like cells. These results suggest that
ASK1 is a natural stabilizing protein of SMN through the complex
formation between ASK1 and SMN.
2. Materials and methods
2.1. Plasmids, antibodies, and reagents
We have isolated SMND7 as an interacting protein of ASK1 in a
yeast two-hybrid screen using a HeLa cDNA library. We ampliﬁed
SMND7 and SMN1 cDNA by PCR and cloned into the pcDNA6/
Myc-His B vector (Invitrogen). Plasmids for wild-type ASK1
(ASK1-Flag) and dominant-negative ASK1 (ASK1(K709R)-Flag)
were previously described [9]. Mouse monoclonal antibodies to
HA, Flag, and Myc were purchased from Roche Applied Science,
Sigma–Aldrich, and Cell signaling, respectively. Anti-SMN antibod-
ies were from BD Transduction laboratories and Santa Cruz Bio-
tech., and anti-ubiquitin (FK1) antibody was from Enzo Life
Sciences. Anti-b-actin and anti-a-tubulin antibodies were fromlsevier B.V. All rights reserved.
Fig. 1. SMN1 physically interacts with ASK1. (A) Interaction between ectopic SMN1 and ASK1 in transfected 293T cells. (B) Interaction between endogenous SMN and ASK1 in
HeLa cells. (C) Interaction of ectopic SMN1 with ASK1 or ASK1(K709R) in transfected 293T cells. (D) Regulation of the endogenous SMN protein level by ectopic expression of
ASK1 or ASK1(K709R) in 293T cells. The up-regulation of endogenous SMN protein level in ASK1-Flag- or ASK1(K709R)-Flag-transfected 293T cells was quantiﬁed after
scanning the relative densities of the SMN protein bands using an Image J program (NIH, USA). Data means ± standard deviation of values from three independent
experiments (lower panel). ⁄P < 0.05 for Mock versus ASK1-Flag, ⁄⁄P < 0.05 for Mock versus ASK1(K709R)-Flag. IP, immunoprecipitation, IB, immunoblot, and IgGH, the heavy
chain of immunoglobulin G.
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against the COOH-terminal fragment of ASK1. Cycloheximide and
MG132 were purchased from A.G. Scientiﬁc.
2.2. Co-immunoprecipitation and ubiquitination assay
Co-immunoprecipitation analysis was carried out as previously
described [10]. For ubiquitination assay, cell lysates which had
been treated with MG132 (10 lM), a proteasome inhibitor, for
6 h were sonicated before centrifugation to remove SMN-interact-
ing proteins prior to immunoprecipitate with indicated antibodies.
2.3. siRNA and RT-PCR for ASK1 and SMN
Target sequences of small interference RNA (siRNA) for human
ASK1 (50-GCACTCCTTCATCGAGCTA-30), mouse ASK1 (50-CCTGTTGC
TTTCCTACAGAGA-30), and mouse SMN (50-AGAAACCTGTGTCGTG
GTT-30) were synthesized by Bionics (Korea). hASK1- and
mASK1-siRNA oligonucleotides were inserted into the pSuper retrovector (Oligoengine), and mSMN-siRNA oligonucleotide was in-
serted into the pSilencer 4.1-CMV puro vector (Ambion). For Con-
trol1-siRNA and Control2-siRNA, the annealed double-stranded
oligonucleotide for green ﬂuorescent protein (GFP) was inserted
into the pSuper retro vector and the pSilencer 4.1-CMV puro vec-
tor, respectively. 293T and NSC34 cells were transfected with siR-
NA vectors and selected in the presence of 2 lg/ml puromycin
(A.G. Scientiﬁc). For RT-PCR analysis, Total RNA was isolated with
Trizol (Invitrogen) from 293T or NSC34 stable cells. RT-PCR analy-
sis was performed with primers to SMN, ASK1 or to Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) as a control.
2.4. Induction of neurite outgrowth and immunocytochemistry
Neurite outgrowth of NSC34 stable cells was induced for 6 days
and performed immunocytochemistry as previously described
[11]. The F-actin stained with rhodamine phalloidin was examined
under a Zeiss Axioplan 2 microscope (Carl Zeiss). Neurite length
was measured in more than 12 randomly selected 200 objective
Fig. 2. ASK1 increases the SMN protein level post-transcriptionally. (A) The dose-dependent regulation of the SMN protein level by ASK1 or ASK1(K709R). (B) Reduction of the
endogenous SMN protein level (upper panel), but not mRNA level (lower panel) in 293T/ASK1-siRNA cells compared to 293T/Control-siRNA cells which had been treated with
100 lM cycloheximide (CHX). (C) Recovery of the endogenous SMN protein level by ectopic expression of ASK1-Flag or ASK1(K709R)-Flag in 293T/ASK1-siRNA (ASK1) cells.
(D) Up-regulation of SMN1 or SMND7 protein levels by ASK1 in transfected 293T cells.
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image analysis system (Universal Imaging). Neurites that were less
than 20 lm in length were excluded from the measurements.
Statistical signiﬁcance was annotated as a P-value (P < 0.001) with
the Student’s t-test.
3. Results
3.1. SMN1 physically interacts with ASK1
We have identiﬁed SMND7, a centromeric copy of survival mo-
tor neuron 1 (SMN1), Gemin5 [10], and CIB1 [12] as the interacting
proteins of ASK1 through a yeast two-hybrid screen with the HeLa
and adult mouse brain cDNA libraries. Next, we have cloned the
SMN1 cDNA from the SMN2 cDNA by PCR with primers encoding
the exon 7 region. To examine the physical association of SMN1
and ASK1, 293T cells were transfected with expression plasmids
of ASK1-Flag and SMN1-Myc. Co-immunoprecipitation analysis
showed that SMN1 physically interacted with ASK1 in transfected
293T cells (Fig. 1A). Furthermore, the physical binding of endoge-
nous SMN to ASK1 was revealed in HeLa cells (Fig. 1B). We also
tested the possible involvement of the kinase activity of ASK1 in
the binding of ASK1 to SMN1. Co-immunoprecipitation analysis
of SMN1-Myc, ASK1-Flag or ASK1(K709R)-Flag, a kinase-inactive
mutant, showed that the kinase activity of ASK1 is not crucial for
the binding of ASK1 to SMN1 (Fig. 1C).
As shown in Fig. 1A, interestingly, we found that the SMN1 pro-
tein level was increased by the presence of ASK1. Thus, we also
examined the effect of ectopic expression of ASK1-Flag or
ASK1(K709R)-Flag on the endogenous SMN protein level in 293Tcells, revealing endogenous SMN protein level can be modulated
by forced expression of ASK1 (Fig. 1D, upper panel). The up-
regulation of endogenous SMN protein level was quantiﬁed by
scanning the relative densities of endogenous SMN protein bands
(Fig. 1D, lower panel).
3.2. ASK1 increases the SMN protein level post-transcriptionally
To determine dose-dependent regulation of SMN1 protein level
by ASK1, 293T cells were transfected with SMN1-Myc and ASK1-
Flag or ASK1(K709R)-Flag. The results showed that the SMN1 pro-
tein level was increased by ASK1 or ASK1(K709R) in a dose-depen-
dent manner, implying that the SMN1 protein might be stabilized
through interaction with ASK1 (Fig. 2A). Consistent with ectopic
expression results, the endogenous SMN protein level was de-
creased in 293T/ASK1-siRNA cells compared to 293T/Control-siR-
NA cells (Fig. 2B, upper panel). However, there was no difference
in the SMN mRNA level between 293T/ASK1-siRNA and 293T/Con-
trol-siRNA cells which had been treated with 100 lM cyclohexi-
mide (CHX) (Fig. 2B, lower panel). Furthermore, the endogenous
SMN protein level was restored by the introduction of ASK1-Flag
or ASK1(K709R)-Flag into 293T/ASK1-siRNA cells (Fig. 2C). More-
over, ASK1 stabilized SMND7 as well as SMN1 (Fig. 2D). These re-
sults thus suggest that ASK1 regulates the stability of the SMN
protein post-transcriptionally.
3.3. ASK1 stabilizes the SMN protein by inhibiting its ubiquitination
To reveal the effect of ASK1 on the stabilization of SMN in motor
neuronal cells, we constructed NSC34/ASK1-siRNA and NSC34/
Fig. 3. ASK1 stabilizes the SMN protein by inhibiting its ubiquitination. (A) The SMN protein (upper panel) and mRNA (lower panel) levels in NSC34/Control1-siRNA and
NSC34/ASK1-siRNA cells. (B) Comparison of the endogenous SMN protein stability in NSC34/Control1-siRNA and NSC34/ASK1-siRNA cells. The relative amount of the SMN
protein from three independent experiments in CHX-treated NSC34/Control1-siRNA (Control1-si) and NSC34/ASK1-siRNA (ASK1-si) cells was plotted after scanning the
relative densities of the SMN protein bands using an Image J program (NIH, USA). Data means ± standard deviation of values from three independent experiments (upper
panel). (C) Endogenous SMN ubiquitination in MG132-treated NSC34/Control1-siRNA or NSC34/ASK1-siRNA cells. (D) Ectopic SMN1 ubiquitination in ASK1-Flag- or
ASK1(K709R)-Flag-transfected 293T cells under MG132 treatment.
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ASK1-siRNA cells, the endogenous SMN protein level was markedly
decreased by the depletion of ASK1 in NSC34/ASK1-siRNA cells
compared to NSC34/Control1-siRNA cells (Fig. 3A, upper panel),
but not the SMN mRNA level (Fig. 3A, lower panel). To examine
the regulation of the SMN protein stability by ASK1, we treated
NSC34/Control1-siRNA and NSC34/ASK1-siRNA cells with CHX
(100 lM) and cell lysates were prepared at each time point
(Fig. 3B). The results showed that the SMN protein stability was
apparently decreased in NSC34/ASK1-siRNA cells in a time-
dependent manner compared to NSC34/Control1-siRNA cells, sug-
gesting that ASK1 controls the SMN protein level in its turn-over
process (Fig. 3B). Moreover, we observed that the poly-ubiquitina-
tion of SMN was signiﬁcantly increased in NSC34/ASK1-siRNA cells
(Fig. 3C). We also transfected 293T cells with vectors of SMN1-Myc,
HA-tagged ubiquitin (HA-Ub), and ASK1-Flag or ASK1(K709R)-Flag
and analyzed the effect of the kinase activity of ASK1 on the SMN1poly-ubiquitination (Fig. 3D). The result showed that the SMN
ubiquitination was blocked by ASK1, which is irrelevant to ASK1
kinase activity. Thus, these results suggest that ASK1 stabilizes
the SMN protein at least in part by inhibiting SMN ubiquitination,
even though the detailed mechanism is unclear.
3.4. Depletion of either SMN or ASK1 leads to similar defects of neurite
outgrowth in NSC34 cells
Given that ASK1 can stabilize the SMN protein, we assumed that
ASK1-depleted motor neuron-like cells might have the same
phenotype of SMN-depleted cells in neurite outgrowth. To test this
assumption, NSC34/Control-siRNAs, NSC34/ASK1-siRNA and
NSC34/SMN-siRNA cells were induced neurite outgrowth under
the serum deprivation condition. To deﬁne the neurite structure,
we stained F-actin in NSC34 stable cells at day 0 and day 6 of the
induction of neurite outgrowth. As expected, the same defects of
Fig. 4. Depletion of SMN and ASK1 disrupts neurite architecture in NSC34 cells. (A) Neurite outgrowth in NSC34/Control-siRNAs, NSC34/ASK1-siRNA cells (left panel), and
NSC34/SMN-siRNA (right panel). Scale bar, 20 lm. (B) Neurite length (upper panel) and neurite-bearing cells (lower panel) at day 0 and day 6 of the induction of neurite
outgrowth in NSC34/Control-siRNAs (Control1-si or Control2-si), NSC34/ASK1-siRNA (ASK1-si), and NSC34/SMN-siRNA (SMN-si) cells. Neurite length and cell numbers
represent the mean of measurements ± standard deviation from three independent experiments. ⁄P < 0.001 for Control1-si versus ASK1-si, ⁄⁄P < 0.001 for Control2-si versus
SMN-si. S.D., serum deprivation. (C) The protein levels of ASK, SMN and b-actin of the neurite outgrowth induction in NSC34/Control-siRNAs, NSC34/ASK1-siRNA (upper
panel), and NSC34/SMN-siRNA (lower panel) cells.
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NSC34/SMN-siRNA cells (Fig. 4A). We also measured neurite length
and counted neurite-bearing cells as an index of neurite outgrowth
(Fig. 4B). At day 6 of the induction of neurite outgrowth, NSC34/
Control-siRNA cells extended neurites that were approximately
60–80 lm in length, whereas NSC34/ASK1-siRNA and NSC34/
SMN-siRNA cells extended neurites that were approximately 40
and 25 lm in length, respectively (Fig. 4B, upper panel). The num-
ber of neurite-bearing cells was also reduced by asmuch as half and
one fourth in NSC34/ASK1-siRNA and NSC34/SMN-siRNA cells,
respectively, compared to NSC34/Control-siRNA cells (Fig. 4B, low-
er panel). Next, to verify the disruption of the components of neural
architecture, we examined the b-actin protein level, a marker of
neurite outgrowth (Fig. 4C). The b-actin protein level was dramati-cally reduced in NSC34/ASK1-siRNA and NSC34/SMN-siRNA cells
during neuronal differentiation, indicating that neurite outgrowth
was impaired by the depletion of ASK1 (Fig. 4C, upper panel) and
SMN (Fig. 4C, lower panel) in NSC34 cells. To exclude the possibility
that the defects of neurite outgrowth in NSC34/ASK1-siRNA and
NSC34/SMN-siRNA cells were caused by the induction of apoptosis
under the serum deprivation condition, we analyzed apoptotic cells
by annexin V–propidium iodide double staining using ﬂow cytom-
etry.We could not observe any signiﬁcant induction of apoptosis by
siRNA-mediated depletion of ASK1 and SMN expression in NSC34
cells during neurite outgrowth induction (data not shown). Taken
together, these results suggest that ASK1 might be involved in neu-
ronal differentiation through stabilization of the SMN protein, pro-
tecting it from degradation by the ubiquitin–proteasome system.
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We have shown that SMN is stabilized by complex formation
with ASK1. Ectopic expression of ASK1 and ASK1(K709R), a ki-
nase-inactive mutant, equally increased SMN protein levels. Thus,
the kinase activity of ASK1 seems to be less important than its abil-
ity to bind to SMN, even though SMN1 and SMND7 were phos-
phorylated by ASK1 in vitro (data not shown). Moreover, the
depletion of ASK1 in 293T and NSC34 cells caused a dramatic
reduction in the SMN levels. ASK1 stabilizes the SMN protein by
inhibiting its ubiquitination not by affecting the SMN mRNA level.
Depletion of endogenous ASK1 and SMN by siRNA in NSC34 cells
also implied that ASK1 might regulate neurite outgrowth through
modulation of the SMN protein level. SMN is thought to be impli-
cated in neurite outgrowth through axonal transport of mRNAs
[13]. These results suggest that ASK1 is implicated in neurite out-
growth at least in part by means of maintaining the steady-state
level of SMN. Another possible mechanism by which ASK1 could
inhibit the poly-ubiquitination of SMN is through recruitment of
a deubiquitinating enzyme such as USP9X. Interestingly, USP9X
has been shown to interact with both ASK1 and SMN [14,15]. How-
ever, SMN protein levels were not affected by H2O2-mediated ASK1
activation (data not shown), whereas USP9X associates with oxida-
tive stress-activated ASK1 [14].
SMN is also thought to be stabilized by binding with Gemin2
[16], or the Gemin3/Gemin5/Gemin6 complex which interact the
phosphorylated SMN by PKA [17]. Thus, ASK1 might participate
in the formation of the SMN-Gemin multi-protein complex, acting
like PKA. Indeed, we previously reported that Gemin5 interacts
with ASK1 and potentiates ASK1-mediated signaling events [10].
Ectopic expression of Gemin5 with ASK1 and SMN1 (or SMND7)
in 293T cells further increased SMN protein levels (data not
shown). Thus, understanding the exact role of ASK1 in controlling
SMN protein stability should provide insights for the treatment of
SMA.
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